Abstract-The dealuminated H-Mordenite (MOR) was used as a molecular reactor for the selective formation of the least bulky 4,4'-diisopropylbiphenyl (4,4'-DIPB) in the isopropylation of biphenyl (BP). The selective formation of 4,4'-DIPB through 4-isopropylbiphenyl (4-IPBP) was observed due to the differentiation from the other bulky isomers by the MOR channels. 4,4'-DIPB selectively allowed the transition state of 4-IPBP by their steric restriction of the channels. The selectivity for 4,4'-DIPB decreased at high temperatures and/or when a large amount of the catalyst was used. These are due to the isomerization of 4,4'-DIPB, once formed in the channels, to a thermodynamically stable 3,4'-and 3,3'-DIPB at the external acid sites. Y-zeolite (FAU) and zeolite-β (BEA) possess wide channels to accommodate the bulkier isomers, which allow the transition states of IPBPs to the DIPBs with 2-and 3-isopropyl moieties.
I. INTRODUCTION
Friedel-Crafts alkylation of aromatic hydrocarbons with Lewis acid catalysts, such as AlCl 3 occurs under kinetic and/or thermodynamic controls: electron rich active positions of the reactant molecules are easily attacked in the former cases. The thermodynamic properties of the isomers lead to the more stable isomers [1] . Inorganic solid acids, such as zeolites and amorphous silica-alumina, also serve as the active catalysts for the alkylation [2] - [6] . Particularly, the catalysis of the zeolites is due to their confined microporous environments, and can lead to the third reaction control by the steric restriction by their pores and channels. The steric restriction by the channels of some zeolites invokes the selective formation of the least bulky isomers by shape-selective catalysis [3] - [6] . Thus, zeolites can work as intelligent materials for a molecular reactor if the steric restriction of the channels works effectively by their characteristic steric structures.
The isopropylation of biphenyl (BP) has been investigated by many researchers over various zeolites. Different isomers can be obtained by varying the types of zeolite [5] [6] [7] [8] [9] [10] [11] [12] [13] . We have observed the selective formation of 4,4'-DIPB, the least bulky isomers, over H-mordenite (MOR). However, the other large pore zeolites, such as Y-zeolite (FAU) and zeolite-β (BEA) gave the products with 2-and 3-isopropyl moieties under kinetic and/or thermodynamic controls Manuscript received February 9, 2018 [5]- [11] . We have proposed that the difference is due to the microporous nature of these zeolites, and that only MOR can afford the reaction sites for selective formation of the least bulky 4,4'-DIPB in the channels [6] - [10] . On the other hand, the other zeolites can accommodate the bulky isomers in their pores and channels, resulting in the formation of the bulkier products with 2-and/or 3-isopropyl moieties [11] .
In this paper, we discuss the natures of the shape-selective catalysis of MOR with 12-membered straight channels in the isopropylation of BP.
II. EXPERIMENTAL

A. Catalysts and Reagents
MOR (SiO 2 /Al 2 O 3 = 10 -220) and FAU (SiO 2 /Al 2 O 3 = 30), where the value in parenthesis is SiO 2 /Al 2 O 3 ratio of zeolites, were obtained from Tosoh Corporation, Tokyo, Japan, and calcined at 550 °C in an air stream before use. BEA was synthesized by following the procedures in our previous literature [14] . Some of the physicochemical properties of MOR have been discussed elsewhere [8, 9] . All chemicals were commercially obtained and used without further purification.
B. Isopropylation of BP
The isopropylation of BP was carried out in a 100 ml SUS-316 autoclave with magnetic agitation. The typical reaction conditions involved: BP (50 mmol), MOR (0.25 g), propene pressure (0.8 MPa), reaction temperature (250 °C), and reaction period (4 h). The autoclave containing BP and MOR was purged with nitrogen before heating. Once the reaction temperature was attained, propene was introduced into the autoclave with agitation, and the pressure was kept constant throughout the reaction. At the end of the reaction, the autoclave was quickly cooled to room temperature by immersing in a water bath, the catalyst was filtrated off, and the bulk products were diluted with toluene and acetone. The products were analyzed by a Shimadzu Gas Chromatograph, GC-14, equipped with an Ultra-1 capillary column (0.25 mm x 30 -60 m; film thickness: 30 μm; Agilent Technologies, California, U.S.A.) by using FID detector.
The analysis of the encapsulated products in the catalyst used for the reaction was carried out as follows. The catalyst was washed well with toluene and acetone in order to remove the products on the external surface, and dried overnight at 60 °C. About 50 mg of the resultant catalyst was dissolved carefully using 3 mL of aqueous hydrofluoric acid (47 wt.%) at room temperature. After the disappearance of solid residues, the solution was basified with solid potassium carbonate and the organic layer was extracted three times with 2 mL of dichloromethane. After the removal of the solvent in vacuo, the residue was dissolved in aliquot of acetone and subjected to GC analysis following the same procedure adopted for bulk products. The yield of every product is calculated on the basis of the initial amount of BP, and the selectivity for each isopropylbiphenyl (IPBP) and diisopropylbiphenyl (DIPB) isomers are expressed based on the total amounts of IPB and DIPB isomers, respectively. 
III. PRODUCTS IN THE ISOPROPYLATION OF BP
Scheme 1 shows the possible IPBP and DIPB isomers that appear in the isopropylation of BP. The bulkiness of these isomers found as products is in the order: 4-> 3-> 2-for IPBP isomers and 4,4'-> 3,4'-> 3,3' > 2,x'-(x: 2-, 3-, and 4-) for DIPB isomers, because the isopropyl moieties influences their bulkiness. 2-IPBP and 2,x'-DIPB, the bulkiest isomers among the IPBP and DIPB isomers, respectively, are formed under the kinetic control by an electrophilic attack of the alkylating agent at the electron-rich 2-position of BP. On the other hand, 3-IPBP and 3,3'-and 3,4'-DIPB, thermodynamically more stable isomers, are preferentially formed under the thermodynamic control which works at higher reaction temperatures, during a long reaction, under low propene pressures, and/or with a large amount of catalyst. These controls work under sterically less hindered conditions. 4-IPBP and 4,4'-DIPB, the least bulky isomers, appears as the principal products by shape-selective catalysis only under the appropriate steric controls of the zeolite channels [5] - [10] .
IV. MECHANISM OF SHAPE-SELECTIVE CATALYSIS IN THE ISOPROPYLATION OF BP
Three types of mechanism of shape-selective catalysis were originally proposed by Sciscery [4] as shown in Scheme 2 for the isopropylation of BP. They depend on whether the pore size limits the entrance of the reactant molecules, the departure of the product molecules, or the formation of certain transition states.
A reactant selectivity mechanism (Mechanism I) occurs only when some of the molecules in the reaction mixture can enter and react in the pores. Only the least bulky 4-isopropylbiphenyl (4-IPBP) can enter the pores, resulting in the shape-selective formation of 4,4'-DIPB. However, 3-and 2-IPBP, which are too large to enter the pores, cannot react.
A restricted transition state selectivity mechanism (Mechanism II) occurs when certain reactions are prevented because the corresponding transition state would require more space than available inside the pores. The transition state to form 4,4' DIPB can fit the channels, resulting in the preferential formation of 4,4'-DIPB. However, the transition state to other bulky isomers is excluded because of their steric restriction with the zeolite channels.
A product selectivity mechanism (Mechanism III) occurs when some of the products formed in the catalyst pores are too bulky to diffuse out, resulting in their further conversion to less bulky molecules (e.g., by equilibration or cracking). DIPB isomers establish an equilibrium in the channels, and the least bulky 4,4'-DIPB leaves the pores due to its rapid diffusion. The other bulky products slowly diffuse out from the zeolite, and some of them may eventually deactivate the catalytic sites by blocking the pores.
These mechanisms are keys to achieve the highly shape-selective catalysis in the alkylation of BP [4, [5] [6] [7] [8] [9] [10] . In particular, it is important that the sizes of pores and channels of the zeolite precisely fit the molecular dimensions of the reactants and products. We discuss, in this paper, the relationships between the type of zeolite and bulkiness of the reagent in the alkylation of BP to elucidate the influence of the zeolite channels on the steric interaction of the transition states.
Scheme 2. Proposed mechanisms for the isopropylation of BP. Fig. 1 shows the catalytic activity and the selectivity of DIPB isomers in the isopropylation of BP over typical 12-memebered zeolites, MOR, FAU, and BEA. The selective formation of the least bulky 4,4'-diisopropylbiphenyl (4,4'-DIPB) was observed only over MOR. However, FAU and BEA, which have 3-dimensional systems of 12-membered ring pores, gave low selectivity for 4,4'-DIPB. MFI with 10-membered ring pores had a very low catalytic activity with low selectivity for 4,4'-DIPB. This is due to the fact that the channels are too small for BP to enter, and the isopropylation can occur only at the external acid sites. The results suggested that the type of zeolites is the key for the highly selective formation of 4,4'-DIPB. We have focused on MOR for the elucidation of shape-selective catalysis in this paper. Fig. 2 shows the effects of SiO 2 /Al 2 O 3 ratio of MOR on the isopropylation of BP. MORs with SiO 2 /Al 2 O 3 ratios, of less than 20, gave only 60 % -70 % selectivity for 4,4'-DIPB, accompanying the formation of bulky 2,x'-DIPB (2,2'-, 2,3'-and 2,,4'-) isomers, and they were rapidly deactivated by coke deposition from the early stage of the reaction. MORs with SiO 2 /Al 2 O 3 ratio of 220 had the highest catalytic performance among all MOR catalysts as shown in Figure 2 .
V. RESULTS AND DISCUSSION
A. Isopropylation of BP over Large Pore Zeolites
B. Isopropylation of BP over MOR 1) Dealumination
The dealumination by acids, such as hydrochloric acid, is an important technique for the enhancement in the catalytic performance of MOR [15] [16] [17] [18] . The catalytic activity for the isopropylation of BP was enhanced by retaining the nature of MOR by the dealumination, and the selectivity for 4,4'-DIPB was much improved due to the decreased formation of 2,x'-DIPB. The improvement in the catalytic performance is due to the reduced coke formation by the removal of excess acid sites upon dealumination. The accessibility to the channels is also much improved by the formation of mesopores even though the number of acid sites was decreased. The selectivity for 4,4'-DIPB in encapsulated products was almost constant for all MORs, which means that the formation of 4,4'-DIPB occurred inside MOR channels even with the low SiO 2 /Al 2 O 3 ratios. Low selectivity for the bulk products over MORs with the low SiO 2 /Al 2 O 3 ratio was most likely through the non-selective formation of the bulky DIPB isomers at the external acid sites due to the rapid choking of the pore mouth by the coke formation. These results indicate that the dealuminated MOR channel can prevent the coke formation and catalyze the selective formation of 4,4'-DIPB in their steric circumstances. The dealuminated MORs were used for further investigation. Fig. 3 shows the reaction profile of the isopropylation of BP over MOR (SiO 2 /Al 2 O 3 = 220) at 250°C with propene pressure of 0.8 MPa. 4,4'-DIPB was the predominant isomer among the DIPB isomers and its selectivity remained almost constant throughout the reaction. The formation of 4,4'-DIPB occurs by a consecutive mechanism: BP to 4-IPBP and 4-IPBP to 4,4'-DIPB. 4-IPBP, the predominant isomer in the first step, was maximized in the yield at 50% -60 % of BP conversion; however, 3-IPBP increased spontaneously even in the late stages. Thus, there is a difference in the reactivity among the IPBP isomers: only 4-IPBP works as a precursor of 4,4'-DIPB, and 3-IPBP is excluded from the precursor of DIPB isomers. The selectivity for 4,4'-DIPB from 4-IPBP was higher than those for 4-IPBP from BP at the early stage (60 % for 4-IPBP and 85 % for 4,4'-DIPB): this is due to the increased steric interaction of the isopropyl moiety of 4-IPBPwith the MOR channels. These results indicate that the MOR with channels can work for the highly shape-selective formation of 4,4'-DIPB in the isopropylation of BP. Fig. 4 shows the effects of reaction temperature on the selectivity for DIPB isomers over MOR(206). The selectivity for 4,4'-DIPB remained almost constant at low and moderate temperatures, i.e., below 250°C; however, they decreased at the temperatures higher than 275°C with an increase in the selectivity for 3,4'-DIPB. Further increase in the reaction temperature up to 350 °C enhanced the selectivity for 3,3'-DIPB with a decrease in the selectivity for 3,4'-DIPB. The decrease in the selectivity for 4,4'-DIPB is due to the isomerization of 4,4'-DIPB to the thermodynamically more stable 3,4'-and 3,3'-DIPB: first, 4,4'-DIPB to 3,4'-DIPB, then 3,4'-DIPB to 3,3'-DIPB.
2) Typical reaction profile
3) Reaction temperature
The selectivity for 4,4'-DIPB in the encapsulated products remained constant even at high temperatures of 350°C. The discrepancy in the selectivity of bulk and encapsulated products suggests the different roles of acid sites in internal and external surfaces. The external acid sites favor the isomerization of 4,4'-DIPB, once formed in MOR channels. However, the internal acid sites work for the formation of 4,4'-DIPB even at high temperatures, such as 350 °C. Fig. 5 shows the effects of BP/MOR ratio (reciprocal of catalyst amount) on the selectivity for DIPB isomers in the isopropylation of BP over MOR(128). The selectivity for DIPB isomers was influenced by BP/MOR ratios and reaction temperatures. The selectivity for 4,4'-DIPB was remained constant as high as 80% -90 % at 200 °C in the range of BP/MOR ratio: 20 -3000, whereas the selectivity for 4,4'-DIPB decreased with a decrease in the ratio at 250 and 300 °C. The decrease in the selectivity for 4,4'-DIPB started at lower BP/MOR ratios with an increase in the reaction temperature: 67 at 300 °C and 200 at 250 °C. Further, the selectivity for 3,3'-DIPB increased with a decrease in those for 3,4'-DIPB at the ratios: 20 -200 at 300 °C. The decrease in the selectivity for 4,4'-DIPB is ascribed to the isomerization of 4,4'-DIPB directing towards the thermodynamically more stable 3,4'-and 3,3'-DIPB.
4) Roles of external acid sites
The selectivity for 4,4'-DIPB in the encapsulated products were as high as 85% -90 % for all the ratios at 200 and 250 °C, and also remained high: 75 % at the ratios: 20 and 50 even at 300 °C. These results mean that the formation of 4,4'-DIPB occurred inside the MOR channels even at the low BP/MOR ratios, and that the isomerization of 4,4'-DIPB occurred at the external acid sites.
C. Mechanistic Aspects of the Isopropylation of BP
The results of the isopropylation of BP over MOR support that the catalysis occurs in the elliptical straight channels of 12-MR pore entrances (0.67 x 0.71 nm). The diagonal side pockets of 8-MR pore entrances (0.29 x 0.57 nm) do not concern in the catalysis since BP cannot diffuse through them. The catalysis proceeds by two consecutive steps: BP to IPBP isomers and 4-IPBP to 4,4'-DIPB by two mechanisms [5, 6, [8] [9] [10] . Mechanism I: the least bulky products, 4-IPBP among the IPBP isomers, and 4,4'-DIPB among the DIPB isomers, are predominantly formed inside the channels in two steps. Mechanism II: the exclusion of bulky isomers from the formation of the least bulky isomers by the steric interaction with the channels. BP yields predominantly 4-IPBP due to the steric restriction of transition states by the Mechanism I in the first step. Among the IPBP isomers, 4-IPBP works as only a precursor of 4,4'-DIPB, and bulky 2-and 3-IPBP were excluded by MOR channels through Mechanism II in the second step. The highly selective formation of 4,4'-DIPB occurs by synergism of Mechanisms I and II, particularly, due to an increase in the steric interaction of 4-isopropyl moiety of 4-IPBP and the exclusion of bulky 2-and 3-IPBP in the second step.
The encapsulated products are the "finger prints" of the catalysis inside the zeolite. These results indicate that the internal and external acid sites have different roles on the catalysis due to their different steric circumstances. The internal acid sites work for shape-selective formation of 4,4'-DIPB through Mechanisms I and II under all conditions. The external acid sites are not active under moderate reaction conditions; however, they are active for the non-selective catalysis under severe reaction conditions. Thus, the isomerization of 4,4'-DIPB, once formed inside the channels, occurred at the external acid sites. Further, we must note that Mechanism III, through which the least bulky 4,4'-DIPB forms predominantly by its rapid diffusion among the mixtures of DIPB isomers, does not work significantly in the selective formation of 4,4'-DIPB because 4,4'-DIPB was highly selective among encapsulated products. Propene adsorption plays an important role in the catalysis at both of internal and external acid sites. On one hand, the strongly adsorbed propene on external acid sites hinders the access of BP, IPBP, and DIPB isomers to the acid sites under moderate reaction conditions, and prevents non-selective reactions, thereby resulting in the selective formation of 4,4'-DIPB at the internal acid sites. On the other hand, the vacant acid sites appear under severe reaction conditions such as high reaction temperature and/or by the use of large amount of the catalyst. Propene and 4,4'-DIPB can adsorb competitively on such vacant external acid sites. 4,4'-DIPB, directly adsorbed on such external acid sites, was isomerized to 3,4'-and 3,3'-DIPB. However, propene adsorbed on the internal acid sites cannot hinder the access of BP and IPBP isomers to the acid sites due to the steric limitations, thereby resulting in the shape-selective formation of 4-IPBP and 4,4'-DIPB.
The results from the current studies show that the shape-selective formation of 4,4'-DIPB occurred in MOR in the isopropylation of BP. However, the other 12-memebered zeolites, FAU and BEA, show no shape-selective natures with low selectivity for 4,4'-DIPB. The difference is due to the structures of their channels: the latter two zeolites possess the channels that can accommodate the bulkier isomers and allow their formation through the transition states.
VI. CONCLUSIONS Dealuminated mordenite acts as a high performance molecular reactor with the shape-selective nature in the isopropylation of BP. Among the large pore zeolites, MOR, FAU, and BEA, the formation of 4,4'-DIPB was observed only over MOR. The encapsulated products "finger prints of the catalysis" showed high selectivity for 4,4'-DIPB under our conditions. These results indicate the selective formation of 4,4'-DIPB due to the shape-selective natures of MOR channels: the restriction of the transition state by steric interaction with the channels and the exclusion of bulky isomers from the channels. The decrease in the selectivity for 4,4'-DIPB under severe reaction conditions such as high reaction temperature and/or by the use of large amount of the catalyst is due to the isomerization of 4,4'-DIPB, once formed in the channels, at the external acid sites. These results clearly indicate that the MOR channels work as a shape-selective reactor.
Large pore zeolites, FAU and BEA, have enough space to accommodate the bulky DIPB isomers with 2-and 3-isopropy moieties, and allow the transition states to form these isomers, thereby, resulting in low selectivity for 4,4'-DIPB.
In conclusion, MOR works as a molecular reactor with the shape-selective natures. It is possible to design the catalysis of zeolites as a molecular reactor if the combination of reactants and products is tuned to fit the channels.
